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Introduction
There is a wide range of insulin action in subjects with normal glucose tolerance (1) , and furthermore the degree ofimpairment ofinsulin action in the most insulin-resistant nondiabetic subjects is as severe as that in overtly diabetic subjects (2, 3) . Recent evidence suggests that much of an oral or intravenous glucose load is disposed of in skeletal muscle and stored (4, 5) , and skeletal muscle therefore is likely to be the site of this in vivo insulin resistance. To date no definite explanation for the association of in vivo insulin resistance and obesity has become available. Nevertheless it is clear that insulin action in muscle could be determined by defects at a whole series of steps from the insulin receptor onwards. Lingarde et al. and Lithell et al. have provided evidence that morphological changes in muscle, particularly the size of muscle cells and the capillary supply to muscle, are associated with changes in fasting insulin concentrations and glucose tolerance (6, 7) . This has raised the possibility that in addition to cellular biochemical defects the arrangement of capillaries and muscle fibers could also influence insulin ac-tion. We now provide direct measurements of insulin action using the euglycemic clamp method and muscle morphology. In the current study we have compared in vivo insulin action with skeletal muscle morphology in 23 Caucasian and 41 Pima Indian men to test the hypothesis that impaired insulin action may be related to alterations in skeletal muscle function that are associated with altered skeletal muscle morphology.
Methods
Study subjects. The current studies were conducted in the Clinical Diabetes and Nutrition Section ofthe National Institute ofDiabetes, Digestive and Kidney Diseases, National Institutes of Health, Phoenix, AZ.
All subjects were in good health as assessed with a medical history, physical examination, and routine hematological, chemical, and urine tests. No subjects had diabetes mellitus and only one subject, a Caucasian, had impaired glucose tolerance (8) (fasting glucose, 98 mg/dl; 1 h glucose, 207 mg/dl; 2 h glucose, 140 mg/dl). All subjects gave written informed consent, and the studies were approved by the ethics committees of the National Institutes of Health and the Indian Health Service, and by the Gila River Indian Community. Clinical data for the subjects were shown in Table I . Subjects were fed a weight maintenance diet (50% carbohydrate, 30% fat, and 20% protein). Caloric requirements were predicted from body weight or fat-free mass after it was measured. Calories in the diet were adjusted according to fasting nude weight measured each morning. Body composition was determined by underwater weighing (9) with simultaneous determination of residual lung volume. Percent fat, calculated according to Keys and Brozek (10) , was used to calculate fat-free mass (FFM) .' Glucose uptake and maximal oxygen uptake rates were divided by FFM to adjust for variations in metabolic body size among individuals.
Experimental protocol. Each Muscle biopsy. A biopsy of musculus vastus lateralis was obtained via an 8-mm incision through skin and fascia 1-2 inches from the midline in the midlateral thigh using a Bergstrom needle. The patient was supine with the lower limb slightly internally rotated, and the biopsy needle was directed vertically. The specimen was examined under a low-powered microscope to determine muscle fiber orientation. The specimen was (13, 14) . In this report those subjects with the lower glucose uptake rates had higher insulin concentrations at each insulin infusion level. V02 max determination. A graded exercise test was performed the day after the euglycemic clamp procedure by using intermittent work bouts on a treadmill (data available on 56 subjects only). Each test was started at 0-5 degrees elevation and involved walking at 1.5 mph. Elevation and speed of the treadmill were gradually increased. After 4 min at each work level, the subject sat down until the heart rate was < 120 beats per minute (bpm), and he had subjectively recovered. The test continued until the patient was subjectively exhausted, the heart rate reached 200 bpm, or there was no further increase in oxygen uptake (VO2) (see references 15, 16) . V02 was determined during the last 30 s to 1 min ofeach work bout. The subject was connected to a low-resistance mouthpiece of a "J" value (Warren E. Collins, Inc., Braintree, MA).
After 0.5-1 min of adaptation the expired air was collected in a 120-liter Tissot spirometer (Warren E. Collins, Inc.). During the collection period a sample ofexpired air was continuously drawn and analyzed for oxygen and carbon dioxide. The average fraction of02 and C02, minute ventilation oxygen uptake, CO2 production, and respiratory quotient were calculated by an on-line Hewlett Packard 85 computer and printed out at the end ofeach collection. V02 max was determined as the highest V02 value recorded during the exercise test.
Analytical methods. Plasma glucose concentration was measured by the glucose oxidase method using a glucose analyzer (Beckman Instruments, Inc., Fullerton, CA). Plasma insulin concentration was determined by the Herbert modification (17) of the radioimmunoassay of Berson and Yalow (18) . The tritiated glucose specific activity in blood samples was measured, as described previously by others (19) , using perchloric acid to precipitate plasma proteins.
Biopsy specimens were mounted in an imbedding matrix (OCT) and frozen in isopentane cooled to its freezing point with liquid N2. Tissue slices 12 um thick were cut in a cryosat set at -20'C and used for histochemical analysis. Sections were fixed, treated with a 1% amylase solution, and stained with periodic acid-Schiff reagent to visualize capillaries (20) . The stained sections were analyzed by magnifying (X 296) and projecting numerous artifact-free 0.25 mm2 areas onto a screen (Fig.  1 ). The number of capillaries within the known area were counted and capillary density (cap/mm2) determined. Fiber type analysis was also performed. Sections were stained for their myosin ATP-ase activity according to Padykula and Herman (24) , after preincubation at pH 4.30, 4.54, and 9.60. The fibers were classified as either type I, Ila, or Ilb according to Dubowitz and Brooke (25) . Statistical methods. All statistical calculations, including calculations of means, correlations, multiple regression, and multivariate regression (partial regression) analyses were performed using standard programs of the SAS Institute (Statistical Analysis System, Cary, NC). Correlations are Pearson-product moment correlations. Log transformations offasting insulin and fiber area were used to decrease unequal variances in the regressions, and a log transformation of submax M was used to improve linearity and normalize the distribution.
Results
In vivo insulin action at submaximal and maximal stimulating insulin infusion rates (submax M and max M) was significantly correlated with the number ofcapillaries per unit area in skeletal muscle cross-sections (caps/mm2; capillary density) (r = 0.63, P < 0.0001; r = 0.47, P < 0.0001, respectively) ( Fig. 2 ). Submax M (Fig. 3 ) and max M (Fig. 4) were also correlated with skeletal muscle fiber types (for percent type I fibers, r = 0.29, P < 0.02; r = 0.29, P < 0.03, respectively; for percent type 2B fibers, r = -0.38, P < 0.003; r = -0.32, P < 0.01, respectively). The relationship between submax M and percent type 2B fibers was significant, independent of capillary density (r = -0.28, P < 0.03); the relationship of max M and percent type 2B was weakly significant, independent of capillary density (r = -0.23, P = 0.06). Both measures of insulin action were negatively correlated with degree of obesity (percent fat) and waist circumference/thigh circumference ratio (W/T) (Table II) . Fasting plasma glucose (Fig. 5 ) and fasting plasma insulin (Fig. 6 ) concentrations were negatively correlated with capillary density (r = -0.46, P < 0.0001; r =-0.47, P < 0.0001).
Using multivariate regression submax M was correlated with capillary density independent of percent fat or W/T (Tables III  and IV ) (r = 0.36, P < 0.004; r = 0.37, P < 0.003, respectively). Max M was correlated with capillary density independent of percent fat (r = 0.27, P < 0.04) but not independent of W/T (r = 0.19, P = 0. 13). The relationships between insulin action and fiber type were no longer significant when either percent fat or W/T were taken into account. Percent fat and W/T remain significantly correlated with insulin action independent of capillary density (Table V) Capillary density was significantly lower in the most obese (r = -0.59, P < 0.0001) (Fig. 7) . This was partially explained by the observations that while muscle fiber cross-sectional area was greater in the most obese (r = 0.39, P < 0.002) (Fig. 8) , the number of capillaries for each muscle fiber was no greater (r = -0.17, P = 0.2). However, the most obese had lower capillary densities even when fiber area was taken into account (r = -0.48, P . 0.0001) by multivariate regression. Degree of obesity was significantly correlated with muscle fiber types (r = -0.32, P < 0.01; r = 0.32, P < 0.02 for percent type 1 and type 2B, respectively). W/T as a measure ofbody fat distribution was even more closely related to capillary density (Fig. 9) , percent type 1 fibers (Fig. 10 ) and percent type 2B fibers (r = -0.60, P < 0.0001; r = -0.39, P < 0.002; r = 0.40, P < 0.002, respectively). The r2 ofthe relationship ofpercent type 1 fibers and percent type 2b fibers to percent fat was 0.10 and 0.10, respectively. The r2 for fiber types and W/T were 0.16 and 0.16, respectively. When both percent fat and W/T were used as regressors in the same model the r2 values were 0.16 and 0.16 for percent type 1 and 2b fibers, i.e., any contribution percent fat made to the fiber type variance could be known if the W/T was known. The relationships ofcapillary density and fiber type with W/T were still significant or almost so when the degree of obesity was taken into account (Table III) (r = 0.57, P . 0.0001 and r = 0.58, P . 0.0001 for submax and max M, respectively). Number of capillaries per muscle fiber and number of capillaries per square millimeter (capillary density) (Fig. 1 1) both correlated with percentage of type 1 fibers (r = 0.34, P < 0.01; r = 0.39, P < 0.002, respectively). The correlations ofboth these capillary measures with percent type 2B fibers was weaker (r =-0.23, P = 0.07; r =-0.27, P < 0.04).
Discussion muscle and the histologically determined proportions of muscle fiber types. In addition, fasting plasma glucose concentrations even within the narrow range of normal values were also strongly correlated with capillary density. We also confirmed a previous report that a central distribution of obesity is associated with a higher proportion of type 2B fibers (26).
We propose that these data may be explained by some combinations of the following three mechanisms. Alterations in insulin action may occur because (a) specific biochemical changes
We have demonstrated that in vivo insulin action is significantly correlated with both the density of capillary supply to skeletal occur in association with variations in cellular oxidative capacity The data may also help provide mechanisms to explain the as-(oxidative capacity being correlated with capillary supply), (b) sociation of obesity with insulin resistance and altered kinetics limitations are imposed on the diffusion of insulin and perhaps ofinsulin action (37) (38) (39) (40) , to explain the association ofW/T with glucose when capillaries are more widely spaced (c.f. 21), and disturbances of glucose tolerance (41) , and to explain some of (c) biochemical changes are induced in parallel with the specific the variation in fasting glucose concentrations within the normal twitch characteristics (fiber type) ofmuscle fibers (see references range. 27-34). Furthermore, the correlation of fiber type with insulin Muscle analyses were performed on one small muscle sample action may help explain the familial dependence ofinsulin action from only one skeletal muscle. Such sampling would be expected because fiber type appears to be genetically determined (35, 36) .
to increase the scatter in the data when comparing the muscle by each capillary. Tyrosine kinase activity of the insulin receptor has been correlated with muscle fiber type (31) . Because oxidative capacity and capillary density are greater with type 1 fibers, it is possible that the tyrosine kinase activity might correlate with greater oxidative capacity of fibers, though this remains to be directly tested. No studies have directly tested whether other biochemical changes that influence insulin action are also associated with changes in oxidative capacity of muscle cells. Removal of insulin or glucose from the plasma is regulated by flow through the capillaries and the ability of the substance to diffuse into the tissues (47, 48) . James et al. (49) recently showed that blood flow to skeletal muscle was not a determinant ofglucose disposal indicating that diffusion was the limiting factor. Indeed, low extraction ratios are themselves an indication that diffusion and not blood flow is limiting tissue uptake of substrate (47, 48) . Studies during oral glucose loading in man have shown modest arterio-venous differences for glucose and insulin, indicating that diffusion from the capillaries may be important (50) . Under most physiological conditions the major diffusion barrier to glucose uptake into muscle must be the mus- cle cell membrane. To insulin however, the nonfenestrated (51) capillaries ofskeletal muscle provide a significant diffusion barrier (48, (52) (53) (54) (55) (22, 23, 58) , it is possible that with reduced capillary density there is even a further reduction in insulin at those portions of the muscle cell with least access to a capillary. The correlations of fasting glucose and insulin with capillary density suggest that some direct or indirect factor associated with capillary density must be having an effect on basal glucose homeostasis.
The relationship of insulin action and capillary density could explain several interesting observations in the literature. Prager et al. (39) noted that at low insulin infusion rates there was delayed activation of glucose uptake in obese subjects and this delay was eliminated at very high insulin concentrations. Doedem et al. (40) noted both a defect in the rate of response to insulin and the amplitude of response in the obese, and noted that the defect in insulin action in the obese was greater during changing insulin levels. These effects are predicted by the results of our studies, because increased diffusion distances with decreased capillary density in obese subjects would require greater 2. The concept of insulin or glucose gradients is an extension ofcylindrical geometry models for oxygen diffusion first suggested by Krogh (21 time for insulin concentrations to reach a new equilibrium around the muscle cells. Time taken to diffuse increases with the square of the diffusion distances (48) .
Muscle fiber type and insulin action. Structural differences between the light chains of myosin ATP-ase result in differences in the contractile speed (twitch) of myofibrils and the histochemical staining of the cells that contain them (28, 59) . All human muscles are of mixed fiber type (44) but there appears to be real differences in the proportions of particular muscle fibers between individuals (28, 44) . While there is probably not total agreement, it appears that the proportions oftype 1 muscle fibers may be genetically determined and relatively fixed, but that interchange may occur between the subtypes 2A and 2B (28, (33) (34) (35) . In in vivo animal studies, slow twitch and fast twitch oxidative fibers (types 1 and 2a) (27) have the greatest insulin sensitivity and probably responsiveness, and fast twitch glycolytic fibers (type 2B) have the least (29, 30, 32 In vivo insulin action and skeletal muscle morphology: implicationsfor the clinical correlates ofinsulin resistance. A genetic component to insulin resistance is suggested by the recent observation that in vivo insulin action independent of degree of obesity is a familial characteristic (36) . The familial dependence of insulin action is even stronger if obesity is not adjusted for because obesity is itself familial (60) . Other studies (35) suggest that muscle fiber types are genetically determined. In light of the current findings, it is therefore possible that the familial basis of insulin action is due to inherited proportions of particular fiber types. Insulin action and fiber types were not correlated independently of percent fat. This might partially be explained by the fact that it is more difficult to get a representative sample ofmuscle than to measure obesity. The relationship offiber type and obesity could mean that insulin resistance from altered muscle fiber type is linked in some way to the cause ofthe obesity and that we cannot detect any additional relationship of M value and fiber type because of the lack of precision of our tests. Obesity is associated with increases in FFM (61) and visceral cell sizes (62) . This increase in FFM is by definition independent of any triglyceride accumulation in cells. Because muscle cells do not multiply (63), their size must also increase with the increase in FFM (6) . We found that capillaries per muscle fiber, however, did not increase with obesity and hence there was a negative correlation of capillary density and percent fat. This finding in obesity is not unlike what happens to the capillary density in weight/power lifters (64). The relationship of capillary density to obesity was, however, much stronger than that offiber area to obesity so that factors in addition to muscle cell size may be regulating the reduction in capillary density in the obese. The regression analyses suggested that while obesity and capillary density are related they both may have additional independent effects on insulin action.
Fiber type was correlated with both percent fat and W/T. The simple and multiple regression analyses showed that all of the relationship between fiber type and obesity could be predicted from W/T alone. It is possible, therefore, that the association of fiber type and obesity is due to an association ofincreased central adiposity and obesity. The relationship of fiber type and central obesity, which others have also noted (26), might suggest that fiber type and fat distribution are both parts ofa more generalized syndrome producing insulin resistance and abnormal glucose tolerance (41) .
We noted a rise in glucose concentration over the range of obesity consistent with the correlation of obesity and capillary density, and capillary density and fasting glucose. While this increase is small, the possibility should be considered that such increases may initiate a vicious cycle of hyperglycemia, pancreatic refractoriness to glucose, and further hyperglycemia (65) (66) (67) . If such were the case, it might help to explain the effect of duration of obesity on the incidence of diabetes (68) .
In summary, we have found in vivo insulin action to be significantly correlated with capillary density and the proportions of muscle fiber types in musculus vastus lateralis. We postulate that the association ofinsulin action and capillary density reflects the effect of either some yet to be determined biochemical changes (perhaps associated with alterations in muscle cell oxidative capacity) on insulin action or the effect of diffusion barriers that limit the access ofinsulin and perhaps glucose to some parts ofthe muscle cell wall. These diffusion effects are relatively greater when capillary density is reduced, such as in obesity. Therefore this data may provide a partial explanation of insulin resistance in the obese. It may also provide an explanation for slower response time ofinsulin action in obese subjects, because increased diffusion distances imply a longer time for tissue insulin and glucose concentrations to reach new steady states. The significant association ofmuscle fiber type and insulin action could be explained by biochemical differences in different types of muscle fibers and/or associated effects of changes in capillary density. The correlation of W/T with fiber type may suggest that a central distribution of obesity is part of a more generalized syndrome. The association ofmuscle fiber type and insulin action might explain the familial dependence of insulin resistance, because fiber type appears to be genetically determined.
Future work is needed to determine if human type 1, 2A, and 2B muscle fiber differ in insulin sensitivity and responsiveness as they do in animals, and whether these are related to muscle oxidative function or twitch characteristics. And finally, more understanding is needed of the biophysical properties of skeletal muscle that influence glucose and insulin diffusion.
